This study seeks to find the influence of replacing a portion of the asphalt-rubber binder with the bio-based material "guayule resin." This replacement could be beneficial in terms of sustainability, economics, and environmental concerns related to the asphalt industry. Nine asphalt-rubber-guayule binders were investigated to find their rheological properties. Consecutively, the study proceeded with five selected binders being compared to the original asphalt (PG64-22). Investigations underwent whole matrices (crumb rubber modifier (CRM) residue included) and liquid phases (CRM residue extracted). Additionally, these properties were partially sought for their corresponding asphalt-rubber binders to compare and judge the contribution of the guayule resin. Likewise, a thermo-gravimetric analysis was done for the guayule resin to recognize its moisture and composition complexity. Such an analysis was also done for the as-received CRM and some extracted CRMs to determine the release and residue of rubber components. Outcomes showed that the guayule resin has the potential to compensate the performance required against the original asphalt at elevated temperatures while greatly decreasing the asphalt cement proportion. For instance, a blend of 62.5% asphalt, 12.5% CRM, and 25% guayule resin provided better performance than that of the original asphalt.
Introduction

Overview
One of the guayule plant derivatives is guayule resin, which represents a by-product. This by-product is inevitably extracted during guayule natural rubber production as a by-product [1] . Each one kilogram of the produced rubber, at the very least, corresponds to one kilogram of resin [2] . The current value of guayule resin is almost nothing. Some researchers see that about 25-50% savings in the guayule rubber production could be attributed to the exploitation of other associated by-products such as resin, bagasse, wax, seed, and leaves [3] .
Guayule resin is composed of volatile (3-5%) and non-volatile fractions (85-97%) [1, 4, 5] . In other words, it consists of complex mixtures of terpenes, fatty acid triglycerides, and sesquiterpenes [1, 4, 6, 7] . Even though some of these components are volatile, they may have a high boiling point, such as terpenes [8] . In addition, because of the solvent-based extraction process of guayule resin, a significant amount of low-molecular-weight guayule rubber (5000-10,000) is inevitably included in the extracted resin [6] . Further details related to the guayule resin chemical characterization could be found in Guayule Future Development by Nakayama [1] .
Significance of Studying Whole Matrix and Liquid Phase
As mentioned above, the CRM has two effects on asphalt modification. One of them is the liquid phase, which corresponds to the interaction effect, meaning no effect of the CRM particle (residue) on the binder's performance. The other one is the whole matrix, which involves the particle effect involving the dispersed CRM residue in the binder's matrix performance. Previous studies have depicted a relatively higher performance attributed to the whole matrix [20] . It was essential to study the effects of both products on performance. In this research, the impact of the guayule resin as a new bio-based additive on the asphalt-rubber was studied on the two scales (whole matrix and liquid phase).
Objective
The main objective was to partially replace the original asphalt (PG64) rheological behavior at elevated temperatures using guayule resin (PG52) as a new bio-based additive and a CRM as an enhancer. Per blend component concentrations, the asphalt-rubber-guayule binders were investigated with asphalt concentrations from 22.7-62.5%, CRM concentrations from 2.3-12.5%, and guayule concentrations from 25-75%. Upon which, this replacement could be beneficial in terms of sustainability, economics, and environmental concerns related to the asphalt industry. In order to judge the contribution of guayule resin, selected asphalt-rubber-guayule binders were compared to their corresponding asphalt-rubber binders. In order to judge the contribution of the CRM, binder whole matrices and liquid phases were investigated as the CRM was partially dissolved in the blend.
Experimental Plan
Binder blends were created from asphalt, rubber, and guayule resin. The original asphalt had a PG64-22 (source: Philips 66 Company, Granite City, IL, USA). The source of the CRM was Liberty Tire Recycling LLC. Different sizes of CRM were obtained. However, it was sieved, and the selected gradation was the so-called CRM 30-40 (passing sieve #30 and remaining on sieve #40) according to the US standard system [11, 21, 22] . Guayule resin was provided by Bridgestone Americas, Mesa, AZ, USA (abbreviated to "BGR") and produced from a mix of three different batches (2016-7-1-RES- 12, -13, and -14) .
This study involved three major groups of interactions among asphalt, rubber, and guayule resin, as follows: (1) 25% AR + 75% BGR, (2) 50% AR + 50% BGR, and (3) 75% AR + 25% BGR. Each group of those included three subgroups. For example, 25% AR + 75% BGR contained 25% of the asphalt-rubber binder plus 75% of the guayule resin (by wt. of blend). However, the 25% AR was divided into three subcategories, as follows: (1-a) 10% CRM, (1-b) 15% CRM, and (1-c) 20% CRM (by wt. of asphalt cement (AC)). As is justified hereafter, five of the nine asphalt-rubber-guayule binders were selected to proceed in the upcoming discussion, and these were AR-BGR25-10, AR-BGR50-15, AR-BGR50-20, AR-BGR75-10, and AR-BGR75-20, as described in Table 1 . Thus, these selected binders were physically compared to their corresponding asphalt-rubber binders to investigate how much asphalt-rubber-guayule binders contribute while taking into account that the guayule resin had a PG52 and the original asphalt had a PG64. Therefore, adding guayule resin to the asphalt-rubber binder would likely negatively affect the physical properties of the final product upon the different proportions of asphalt, rubber, and guayule resin. These asphalt-rubber binders were AR25-10 (AC + 2.3% CRM), AR50-15 (AC + 6.5% CRM), AR50-20 (AC + 8.3% CRM), AR75-10 (AC + 6.8% CRM), and AR75-20 (AC + 12.5% CRM). The flowchart of materials is illustrated in Figure 1a . In order to compare the asphalt-rubber-guayule binders and asphalt-rubber binders, physical tests were implemented and represented by the elevated-temperature grade in terms of whole matrices and liquid phases. Table 1 defines the names of groups and subgroups/codes that may be used to describe the designated binders in this research. Table 1 also lists the detailed concentrations of binder materials. 1 e.g., AR-BGR25-10 represents 25% of asphalt-rubber (AR) binder (including 10%CRM by wt. of asphalt cement (AC)) and 75% of guayule resin (BGR). 2 However, AR25-10 represents its corresponding asphalt-rubber binder (i.e., the same CRM concentration and interaction speed, time, and temperature). Both AR-BGR25-10 and AR25-10 contained 2.3% CRM by wt. of (all) blend.
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Asphalt-Rubber Binder
The asphalt-rubber binders were created to correspond to the five selected asphalt-rubberguayule binders. That is why they were prepared using the same approach as explained above, except for diluting the asphalt-rubber portion with extra asphalt instead of guayule resin to end up with the same CRM concentration and same interaction speed, time, and temperature. 
Methods
The attributed methods are listed in the "methods" flowchart, Figure 1b , and interpreted in details in the following sections. 
Mixing Process
The mixing technique was applied, as recommended in the literature [23] [24] [25] . The HSM100LCIT high shear mixer was used for mixing. Furthermore, a heating system was employed to control the binder temperature during the mixing process, which included the 100C M112 Glas-Col mantle and the TC9100 Digi-Sense controller.
Sampling
Asphalt-Rubber-Guayule Binder
Each quart can was filled with 750 g of preheated asphalt cement. An oven-dried CRM was added as a proportion of asphalt cement. The asphalt-rubber portion was mixed for 40 min interaction time at a 190 • C interaction temperature and a 3000 rpm interaction speed. About 680 g of the asphalt-rubber binder was distributed in three cans with respect to the design proportions (113.4, 226.7, and 340 g, a can for each asphalt-rubber-guayule mix). This process was repeated three times, one for each CRM concentration (10%, 15%, and 20% by wt. of AC). The extra amount was lost between the transfer losses and dynamic shear rheometer (DSR) specimens that were withdrawn during and after the mixing process.
The guayule resin was heat-treated for 4 h at 160 • C and 600 rpm (labeled B(4)) to ensure that no moisture was inside during the so-called heat-treatment process. DSR specimens were withdrawn at 0, 120, and 240 min to monitor the material's rheological behavior change. This process was replicated three times. Each replication included 700 g of guayule resin in a quart can distributed in three cans containing the asphalt-rubber portion (25%, 50%, and 75%), as mentioned above. As such, the guayule resin was poured in concentrations of 75%, 50%, and 25%. Each blend of the asphalt-rubber-guayule binder was mixed for 60 min at 160 • C and 600 rpm as a final step for material preparation ending with nine cans, each one with different asphalt, rubber, and guayule resin concentrations.
Asphalt-Rubber Binder
The asphalt-rubber binders were created to correspond to the five selected asphalt-rubber-guayule binders. That is why they were prepared using the same approach as explained above, except for diluting the asphalt-rubber portion with extra asphalt instead of guayule resin to end up with the same CRM concentration and same interaction speed, time, and temperature.
Methods
The attributed methods are listed in the "methods" flowchart, Figure 1b , and interpreted in details in the following sections.
CRM and Liquid Phase Extractions, Solubility, and Phase Separation
The CRM and liquid phase extractions were implemented for the five selected asphalt-rubber-guayule binders and their corresponding asphalt-rubber binders with respect to the methodology of previous researchers, as interpreted in the following two bullets [11] .
• CRM Extraction Stepwise 1. 10 ± 2 g of modified asphalt is diluted in 100 g of trichloroethylene for 25 min.
2.
The modified asphalt solution passes through mesh #200 (75 µm).
3.
Retained CRM particles are washed with extra trichloroethylene until the filtrate becomes colorless.
4.
Washed CRM particles are kept in an oven at 60 • C for 12 h to ensure a complete solvent removal.
• Liquid Phase Extraction Stepwise
1.
The required amount of the binder is heated to 165 • C.
2.
That heated binder is drained through mesh #200 (75 µm) in the oven at 165 • C for 25 min.
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3.
Extracted liquid phase is stored at −12 • C immediately to prevent any unwanted aging or reaction.
Regarding the new additive (guayule resin), the solubility test was applied according to ASTM D2042/AASHTO T44 [26, 27] . Likewise, the same test was implemented for a blend of asphalt and guayule resin. This test could indicate whether lumps of guayule resin were retained. In order to conduct this test, the asphalt-guayule blend was prepared with proportions of 50:50, mixed at 3000 rpm and 190 • C for 2 h. This basic solubility test resulted in almost 100% solubility, either for pure guayule resin in trichloroethylene or the asphalt-guayule blend in trichloroethylene, and no attributed coagulation was noticed. Since this test might not have been entirely representative regarding the guayule resin solubility in asphalt and an issue might still be there regarding the asphalt-guayule compatibility, the separation tendency test, according to ASTM D7173 [28] , was implemented for the same asphalt-guayule blend. This test aimed to investigate the asphalt-guayule phase separation as interpreted by the separation index (SI) in Equation (1), [29] .
In Equation (1), G* top represents the complex modulus of the top portion, G* bottom represents the complex modulus of the bottom portion, and G* avg represents the average complex modulus of the top and bottom portions. This test resulted in an SI of 1.53% after exposing the blend to a 163 • C temperature for 48 h in a cigar tube, indicating almost no asphalt-guayule phase separation. Accordingly, the potential of high compatibility between asphalt and guayule existed. It was believed by many researchers that there is a strong relationship between compatibility and solubility [30] [31] [32] [33] [34] . As a result, one could say that the guayule resin had the potential to be soluble in asphalt.
Dynamic Shear Rheometer (DSR)
An Anton Paar MCR302 DSR was employed, according to AASHTO T315 [35] , to investigate the rheological properties (complex shear modulus (G*) and phase angle (δ)) in addition to the rutting parameter (G*/Sin(δ)). Consequently, the pass/fail (elevated) temperature and the elevated-temperature grade were determined. All of these rheological properties were investigated for all asphalt-rubber-guayule binders. In addition to asphalt-rubber-guayule binders, their corresponding asphalt-rubber binders were compared regarding high-temperature grading on the two scales (whole matrix and liquid phase).
As binder grading may not be sufficient to evaluate binder performance, since it is controlled by specific parameters such as a frequency of 10 rad/s, the master curve is an excellent tool to show the effect of wide ranges of frequencies and temperatures on the binder behavior. Subsequently, the frequency sweep test was applied at multiple temperatures to build up the master curves of selected binders (AR-BGR25-10, AR-BGR50-15, AR-BGR50-20, AR-BGR75-10, and AR-BGR75-20) in order to study their behaviors under the loading rate change. Master curves were investigated in terms of the storage modulus (G'), loss modulus (G"), and phase angle (δ).
The interrupted shear flow test was applied for all asphalt-rubber-guayule liquid phases. Previous researchers studied the formation of a 3D network structure [19, 29, 36, 37] . Those references [19, 29, 36, 37] declared the 3D network structure formation indicates higher performance of the binder than that of no apparent 3D network structure formation. Regarding the rheological analysis limitations, this was evident by the creation of a peak overshoot of shear stress with the application kickoff; hence, steady-state shear flow with time was clarified by , and Ragab and Abdelrahman (2018) [19, 29] . In this research, this test was started at a temperature of 64 • C after a waiting time of 30 min and was attributed to a shear rate of 2 s-1 [19, 29, 36, 37] , under the strain control regime [36, 37] . The initial stress growth was applied for 60 s and then applied again (second stress growth) for the same duration [36] after the rest time to follow its development and trend up to recovery. Upon multiple experimental trials, the rest time was selected to be 5, 10, 20, 30, 40 and 50 s, as the required information for analysis was obtained through this range which was a rapid time for binder's full recovery compared to literature, as is interpreted later. One continuous test was conducted for each binder sample with a rest time of 5 min since this was more than enough to ensure getting the original sample state with the second stress growth [29] .
The gap between the upper and lower plates was selected to be 2 mm for all binders, including CRM residue, to avoid the effect of particles on the rheological properties [38] [39] [40] . However, it was applied 1 mm for all liquid binders [35] .
Thermo-Gravimetric Analysis (TGA)
A Q50 thermo-gravimetric analyzer, from TA Instruments, was utilized for the compositional analysis of the guayule resin in order to analyze moisture and multi-components included, in addition to the as-received and extracted CRM in order to show the released constituents of the CRM into the binder liquid phase, as utilized by previous researchers in this regard [19, 20, 22, 23, 41] . Two methods were employed according to material nature [22] . The first and most common one is the ramp method, which is used to analyze materials containing a distant thermal decomposition of its components. In this method, the sample is heated to a predetermined temperature utilizing a constant heating rate that models the mass loss as a function of temperature [15] . That is why it was used for the TGA of the as-received CRM and the extracted CRM from the selected asphalt-rubber-guayule binders. The other method is called the stepwise isothermal thermo-gravimetric (SITG) method, which is a better TGA approach in the case of the closeness of the decomposition temperatures of a multi-component material [15, 22, 42] . In this method, the sample is subjected to a programmed heating method to ensure that the distinction of material's decomposition will take place with no overlap. Consequently, it was employed for the TGA of guayule resin, as the ramp method was carried out with no distinctive outcomes. Nevertheless, it was employed as a rapid approach to indicate 100% of material's decomposition to define the decomposition temperature range. In this method, 20-25 mg was analyzed at a 20 • C/min heating rate, starting at room temperature until reaching the resultant full decomposition temperature (450 • C), which is explained hereafter.
For a CRM, an amount of 20-25 mg was analyzed with a 20 • C/min heating rate starting from the ambient temperature and reaching 600 • C. According to literature, a CRM has four major components: Oily components, natural rubber, synthetic rubber, and filler components such as carbon black. Each component has its range of decomposition temperatures. The first region corresponds to the oily components and is from 25 to 300 • C, the second region corresponds to natural rubber and is from 300 • C to the temperature corresponding to the minimum point between the two peaks in the derivative thermo-gravimetric (DTG) curve, and the last region is the filler components at 500 • C [15, 22] .
Results and Discussion
Elevated Temperature Tests
Tested binders were categorized into 13 initiated binders, including the original asphalt (AC), unconditioned guayule resin (B(U)), heat-treated guayule resin for 2 h and 4 h (B(2) and B(4), respectively), and the nine categories of asphalt-rubber-guayule binders, all described in Table 2 . The G*, δ, G*/Sin(δ), pass/fail temperature, and elevated-temperature grade were determined for each binder.
With considering the Superpave standard, according to AASHTO T315, the original asphalt had a higher performance than that of the guayule resin, PG64, and PG52, respectively ( Table 2) . They presented a pass/fail elevated temperature of 65.6 and 57.4 • C, respectively. We noticed that the heat treatment process of guayule resin improved its performance after a 2 h heat treatment. However, a little-to-no change in performance was observed when the heat treatment spent 4 h, indicating a material-consistent manner. The authors saw that this consistent manner was yielded due to the following potentials: (a) Removing moisture, and/or (b) eliminating low molecular weight components. This was further investigated using the TGA. As expected, adding guayule resin to the asphalt-rubber binder resulted in a potential to equilibrate the original asphalt performance. 
Proceeding with Selected Asphalt-Rubber-Guayule Binders and Asphalt-Rubber Binders
Five of the nine asphalt-rubber-guayule binders have the potential to proceed in the upcoming discussion, and they are tabulated with justification for selection in Table 3 . The following sections consider the liquid phase vs. the whole matrix for not only the five selected asphalt-rubber-guayule binders but also their corresponding asphalt-rubber binders. Table 3 . Selected binders attributed to the justification for selection.
Binder
Binder Code Justification for Selection (Upon Study Limitations)
75% AR (10% CRM) + 25% BGR AR-BGR75-10
Low concentrations of CRM (10% by wt. of AC) and guayule resin (25% by wt. of blend) that could significantly achieve the same high grade of the original asphalt.
50% AR (20% CRM) + 50% BGR AR-BGR50-20
High CRM concentration (20%) and average guayule resin concentration, 50% that could significantly achieve the same grade of the original asphalt.
50% AR (15% CRM) + 50% BGR AR-BGR50-15
Compared to the last, the CRM was lowered to 15%, the critical requirement (very close to G*/Sin(δ) of 1 kPa at 64 • C) could be accomplished.
25% AR (10% CRM) + 75% BGR AR-BGR25-10
Low concentrations of CRM (10%) and asphalt (25%) to show results away from achieving that of the original asphalt.
75% AR (20% CRM) + 25% BGR AR-BGR75-20
Highest concentrations of CRM (20%) and asphalt (75%) that could go beyond the original asphalt performance.
Whole Matrix vs. Liquid Phase Grade Susceptibility
A created term called the liquid phase percentage (LP%) denoted the portion of the liquid phase pass/fail (elevated) temperature relative to the whole matrix pass/fail temperature of a particular binder as a percentage and is defined in Equation (2). LP% = liquid phase pass/fail temperature whole matrix pass/fail temperature × 100,
The LP% was created only to show the interaction effect on the binder liquid phase performance as a function of the pass/fail temperature. As shown in Table 4 , the variation between the whole matrix performance grade (PG) and the LP PG was not significant at the elevated temperature, indicating a high contribution of the dissolved CRM. Furthermore, the LP% of AR-BGR25-10 showed an almost identical PG for both whole matrix and liquid phase at the elevated temperature (99.6%), which was justified by the low CRM concentration (2.3% by wt. of blend). However, it was lower for AR-BGR50-15, AR-BGR50-20, and AR-BGR75-10, which were all in the range of 96%-97% relative to the intermediate CRM concentrations of 6.5%, 8.3%, and 6.8%, respectively. On the other hand, when raising the CRM concentration to 12.5% for AR-BGR75-20, the LP% decreased to 93.6%. The LP% of the corresponding asphalt-rubber binders was relatively lower, indicating a lower performance when the asphalt-rubber binder performed as a liquid phase compared to the corresponding liquid phase of the asphalt-rubber-guayule binder. For example, the LP% of AR-BGR25-10 was 99.6% against 98.7% for AR25-10. Figure 2a ,b compares the rutting parameter of asphalt-rubber-guayule binders to the corresponding asphalt-rubber binders and the original asphalt at 64 • C at the two scales (liquid phase and whole matrix). On the liquid phase scale, the dissolved CRM improved the asphalt-rubber-guayule binder physical properties. For instance, the liquid phase of AR-BGR75-20 (labeled AR-BGR75-20LP) had a G*/Sin(δ) of 1.6 kPa, while AR-BGR75-10LP achieved 1.1 kPa. It is known that the CRM significantly improves asphalt-rubber binder physical properties, as shown in Figure 2a ,b on the liquid phase scale and whole matrix scale, respectively. According to the study limitations, the so-called AR-BGR/AR ratio, as a function of G*/Sin(δ), was from 0.4 to 0.6 on the liquid phase scale (derived from Figure 2a ). On the whole matrix scale, this latter ratio was 0.3-0.5 (derived from Figure 2b ). This meant that the CRM residual particle effect on the asphalt-rubber binder was relatively better than the AR-BGR. On the other hand, all whole matrices of asphalt-rubber-guayule binders (except AR-BGR25-10) performed well against the original asphalt with higher performances occurring with higher asphalt and CRM concentrations. However, in regard to the liquid phases' investigation, the AR-BGR75-10LP and AR-BGR75-20LP had performances of 1.1 and 1.6 kPa, respectively, which could be compared to the original asphalt. In terms of G' and G", it was observed that the higher guayule resin-including binders (mentioned here to denote the B(4) and AR-BGR25-10 binders) indicated a higher stiffness at low frequencies, as shown in Figure 3a ,b, which developed a plateau investigated in depth in the next section. The higher the asphalt and/or CRM concentrations, the higher the behavior except for the higher guayule resin-including binders at low frequencies. For instance, AR-BGR75-20 presented the best trends except for the distinct B(4) and AR-BGR25-10 at low frequencies. On average, the original asphalt showed a lower sensitivity to frequency and temperature. AR-BGR25-10 provided a guayulelike trend represented by the B(4) trend. Both B(4) and AR-BGR25-10 had lower behaviors than that of the original asphalt at high frequencies and higher behaviors at low frequencies, as mentioned For more clarification, Figure 2c depicts the percentage of liquid phase per the whole matrix (LP/WM%) as a function of G*/Sin(δ). It was noticed that the effect of removing the residual CRM particles from the binder matrix was relatively better for the asphalt-rubber-guayule binder compared to the asphalt-rubber binder as was also verified by LP%, as shown in Table 4 .
Master Curves
Master curves of the selected whole matrices (AR-BGR25-10, AR-BGR50-15, AR-BGR50-20, AR-BGR75-10, and AR-BGR75-20), as well as B(4) and AC, are illustrated in Figure 3 with a selection of a 50 • C reference temperature. These master curves showed the effects of the frequency sweep along with temperature sweep on the material rheology represented by G', G", and δ. In asphalt-rubber-guayule binders, a higher guayule resin concentration significantly affected the master-curve trends due to the different behavior associated with the guayule resin compared to the original asphalt. This different behavior led to an observed thermo-complexity showed by some master curves (Figure 3c ) being interpreted hereafter. Overall, the guayule resin provided a better trend at low frequencies. However, the original asphalt provided a better trend at high frequencies.
In terms of G' and G", it was observed that the higher guayule resin-including binders (mentioned here to denote the B(4) and AR-BGR25-10 binders) indicated a higher stiffness at low frequencies, as shown in Figure 3a ,b, which developed a plateau investigated in depth in the next section. The higher the asphalt and/or CRM concentrations, the higher the behavior except for the higher guayule resin-including binders at low frequencies. For instance, AR-BGR75-20 presented the best trends except for the distinct B(4) and AR-BGR25-10 at low frequencies. On average, the original asphalt showed a lower sensitivity to frequency and temperature. AR-BGR25-10 provided a guayule-like trend represented by the B(4) trend. Both B(4) and AR-BGR25-10 had lower behaviors than that of the original asphalt at high frequencies and higher behaviors at low frequencies, as mentioned above. Overall, what was distinct for all asphalt-rubber-guayule binders except AR-BGR25-10 was the high behavior at low frequencies, as well as their gradual increase of behaviors with higher frequencies to be close to the original asphalt behavior.
As is shown in Figure 3c , the B(4) and AR-BGR25-10 presented unconventional δ trends, which were unlike what the original asphalt presented. In other words, the original asphalt provided a δ trend formed higher to lower from low frequencies to high frequencies, respectively, which was contrary to the provided δ trend of the higher guayule resin-including binders. Accordingly, the other asphalt-rubber-guayule binders showed a thermo-complexity via their δ trends. For instance, the δ trend of AR-BGR75-20 started low at 0.001 Hz, reaching its peak at about 0.01 Hz, gradually going down until 10 Hz, and ending up with a horizontal trend. This fluctuation could be analyzed by the influence of the contrary trends of asphalt against guayule resin in terms of the δ. Other asphalt-rubber-guayule binders such as AR-BGR50-15 and AR-BGR50-20 presented significantly scattered regimes. Nevertheless, their average trends showed the lowest sensitivity to temperature and frequency than original asphalt. This could be analyzed by balancing the concentrations of asphalt-rubber and guayule resin in the blend.
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Guayule Resin Privilege
One of the significant problems that face the asphalt binder behavior at high temperatures is the undesired δ behavior with traffic speed tolerance. The δ is desired to be lower at lower speeds (frequencies) and vice versa. Not only that, but a higher stiffness is also desired at lower frequencies and vice versa. Briefly, the lower the traffic speed, the more the elasticity and stiffness are desired. At this point, the stiffness resists the traffic load, and the elasticity helps the binder to recover. The guayule resin has the potential of being attracted for the entirely desired δ behavior (Figure 3c ) and partially desired G' and G" behaviors at lower frequencies (Figure 3a,b) .
At lower frequencies, the master curves of guayule resin offered an unconventional behavior. Guayule resin presented the best behavior compared to all others at low frequencies for all three major rheological parameters-G', G", and δ (Figure 3) . That is why it showed better performance (G*/Sin(δ)) than that of the original asphalt at low frequencies, as shown in Figure 4 . For G' trends, the guayule resin presented a behavior much better than the original asphalt, while the frequency was lower than 0.3 Hz (e.g., 0.01 and 0.00001 kPa, respectively, at 0.001 Hz). For G" trends, a similar scenario was observed in which the guayule resin presented better behavior than asphalt while the frequency was lower than 0.01 Hz (e.g., 0.011 and 0.002 kPa, respectively, at 0.001 Hz). As mentioned above, the guayule resin presented an unconventional δ trend that was contrary to the original asphalt (Figure 3c ). In terms of frequency sweep, this trend is desirable as it yields a higher elastic behavior at low frequencies, unlike the traditional behavior attributed to the original asphalt. Consecutively, the guayule resin presented desirable characteristics at low frequencies since it presented higher G' and G", as well as lower δ. This distinction could be beneficial when vehicles stop since the pavement is desired to be stiffer (to resist the loads at low frequencies) and more elastic (to recover when deformed).
At lower frequencies, the master curves of guayule resin offered an unconventional behavior. Guayule resin presented the best behavior compared to all others at low frequencies for all three major rheological parameters-G', G", and δ (Figure 3) . That is why it showed better performance (G*/Sin(δ)) than that of the original asphalt at low frequencies, as shown in Figure 4 . For G' trends, the guayule resin presented a behavior much better than the original asphalt, while the frequency was lower than 0.3 Hz (e.g., 0.01 and 0.00001 kPa, respectively, at 0.001 Hz). For G" trends, a similar scenario was observed in which the guayule resin presented better behavior than asphalt while the frequency was lower than 0.01 Hz (e.g., 0.011 and 0.002 kPa, respectively, at 0.001 Hz). As mentioned above, the guayule resin presented an unconventional δ trend that was contrary to the original asphalt (Figure 3c ). In terms of frequency sweep, this trend is desirable as it yields a higher elastic behavior at low frequencies, unlike the traditional behavior attributed to the original asphalt. Consecutively, the guayule resin presented desirable characteristics at low frequencies since it presented higher G' and G", as well as lower δ. This distinction could be beneficial when vehicles stop since the pavement is desired to be stiffer (to resist the loads at low frequencies) and more elastic (to recover when deformed). Literature has shown that the conventional asphalt has no peak overshoot of shear stress, just a steady-state shear flow, and rapid stress relaxation as complied with the original asphalt, as can be seen in Figure 5a [36] . Wekumbura et al. reported that "This type of behavior must be due to the weak associations, e.g., bipolar attractions, hydrogen bonding etc., which are easily destroyed by stressing or temperature variations [36] ." This differs with binders modified with polymer components associated with peak overshoots [36, 37] .
Interrupted Shear Flow
Overall, asphalt-rubber-guayule binders had the potential to get back to its original peak overshoot very fast through the first 50 s, the maximum after releasing the original shear growth-both initial and second overshoots followed by steady-state shear stress. The effect of asphalt, rubber, and guayule resin concentrations appeared here on the resultant stress growth of each asphalt-rubber-guayule binder. For instance, AR-BGR75-20LP had an initial overshoot of about 660 Pa. Even though a 5 s period was sufficient for flow relaxation, the second stress growth (655 Pa) did not reach the initial value. However, a 10 s rest time was sufficient to yield a fully recovered overshoot. This binder achieved about 1.34 times the original asphalt according to its original overshoot and about 1.3 times according to the steady-state value. This reflects a better performance of AR-BGR75-20LP in this regard. On the other hand, all other asphalt-rubber-guayule binders resulted in observed peak overshoots, as shown in Figure 5b -e, but their stress growth patterns were lower than the one attributed to the original asphalt. The concept of the interrupted shear flow test applied in this paper complied with the literature [19, 29, 36, 37] . The results showed a positive impact of polymeric components dissolved in the liquid asphalt-rubber-guayule binder, as they created a peak overshoot of shear stress in addition to its distinct rapid recovery time when applying the second stress growth. Ultimately, the authors can claim that the polymeric components dissolved from the CRM in the asphalt-rubber-guayule binder resulted in a 3D network structure that indicates an improvement against the conventional asphalt binder.
3.2.6. CRM Dissolution: Asphalt-Rubber-Guayule Binders vs. Corresponding Asphalt-Rubber Binders Figure 6 depicts the dissolved CRM% in a comparison between the asphalt-rubber-guayule binders and their corresponding asphalt-rubber binders. There was no clear evidence that the CRM was more dissolved in the asphalt-rubber binder than asphalt-rubber-guayule binders and vice versa. It could be declared that there was no significant difference between asphalt-rubber-guayule binders and their corresponding asphalt-rubber binders regarding their CRM dissolution average, 29% and 30%, respectively. Nevertheless, the standard deviation for the asphalt-rubber-guayule binder was higher than that of the corresponding asphalt-rubber binders-8.9 and 3.4, respectively-indicating the variable influence of different proportions of guayule resin in the asphalt-rubber-guayule binders.
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Guayule resin, as a new material, was exposed to compositional analysis via TGA to indicate its multi-components. However, a detailed study regarding these constituents was out of the scope of this research. Figure 7 shows the complexity of guayule resin multi-components that contained constituents that decomposed at 233, 262, 286, 313, 339, 341, 366, 391, and 418 • C, upon the decomposition temperature range from the ambient temperature to 450 • C, which corresponded to almost no residue. The 450 • C terminal temperature was first determined by the ramp method as a rapid approach to recognize a 100% decomposition of the guayule resin material. Nevertheless, SITG was utilized to define the decomposition temperatures of guayule resin constituents because it prevents the overlapping of the decomposition temperatures of components in addition to rendering a high accuracy compared to the ramp method [22] .
The very low molecular weight components were gradually lost in a decomposition temperature ranged from the ambient temperature to 233 • C, resulting in a mass loss of 3.4%, as can be seen in Figure 8 . The tested specimen was heat-treated for 4 h, 600 rpm, and 160 • C interaction parameters. On the other hand, the as-received guayule resin was thermally analyzed. As can be seen in Figure 8a , the minimum point at 100 • C on DTG corresponds to about a 0.82% moisture mass loss indicating a small amount of moisture. However, when the guayule resin was heat-treated, the DTG did not show the minimum point at 100 • C, indicating no moisture at this condition. Additionally, the mass loss was determined to be 0.14% at 100 • C, as shown in Figure 8b , which may represent a partial loss of very low molecular weight components of guayule resin. this research. Figure 7 shows the complexity of guayule resin multi-components that contained constituents that decomposed at 233, 262, 286, 313, 339, 341, 366, 391, and 418 °C, upon the decomposition temperature range from the ambient temperature to 450 °C, which corresponded to almost no residue. The 450 °C terminal temperature was first determined by the ramp method as a rapid approach to recognize a 100% decomposition of the guayule resin material. Nevertheless, SITG was utilized to define the decomposition temperatures of guayule resin constituents because it prevents the overlapping of the decomposition temperatures of components in addition to rendering a high accuracy compared to the ramp method [22] . this research. Figure 7 shows the complexity of guayule resin multi-components that contained constituents that decomposed at 233, 262, 286, 313, 339, 341, 366, 391, and 418 °C, upon the decomposition temperature range from the ambient temperature to 450 °C, which corresponded to almost no residue. The 450 °C terminal temperature was first determined by the ramp method as a rapid approach to recognize a 100% decomposition of the guayule resin material. Nevertheless, SITG was utilized to define the decomposition temperatures of guayule resin constituents because it prevents the overlapping of the decomposition temperatures of components in addition to rendering a high accuracy compared to the ramp method [22] . The TGA charts and DTGs of as received and extracted CRMs from asphalt-rubber-guayule binders were studied. However, for brevity, TGA charts, and DTGs of the as-received CRM are presented in Figure 9 . As can be seen in Figure 9 , the CRM decomposition was represented by the mass loss, which was 6.2% for oily components, 36.8% for natural rubber, 17.2% for synthetic rubber, and 39.9% for filler components.
CRM dissolution resulted in a higher CRM concentration such as 40.5% and 36.2% for AR-BGR75-20 and AR-BGR50-20, respectively. Nevertheless, this went lower with lower CRM concentration, such as in the case of AR-BGR50-15 and AR-BGR75-10 that resulted in a dissolved CRM percentage of 26.6% and 20.3%, respectively. Furthermore, AR-BGR25-10 yielded 21.8% dissolved CRM. As the CRM dissolution analysis indicated a maximum of about 40% of dissolved CRM that could not justify the close pass/fail temperatures of the liquid phase vs. the whole matrix, as shown in Table 4 .
As shown in Figure 10 , the TGA outcomes were translated as concentrations of CRM constituents, including the dissolved portion and the extracted portion. The latter was studied to expose the changes in the four major components of the extracted CRM. This was carried out for the as-received CRM and the CRM extracted from the five asphalt-rubber-guayule binders. The extracted CRM constituents indicated relatively little dissolution of fillers (about 14% release on average). The dissolution of the polymeric components (natural rubber and synthetic rubber) was about 41% and 25% on average, respectively. However, a significant dissolution took place to the oily components, about 67% on average. 
b. Extracted CRM
The CRM was released from the binder liquid phase, as mentioned above. Consecutively, the dissolved CRM was calculated for the binder whole matrix. As can be seen in Figure 10 , the higher CRM dissolution resulted in a higher CRM concentration such as 40.5% and 36.2% for AR-BGR75-20 and AR-BGR50-20, respectively. Nevertheless, this went lower with lower CRM concentration, such as in the case of AR-BGR50-15 and AR-BGR75-10 that resulted in a dissolved CRM percentage of 26.6% and 20.3%, respectively. Furthermore, AR-BGR25-10 yielded 21.8% dissolved CRM. As the CRM dissolution analysis indicated a maximum of about 40% of dissolved CRM that could not justify the close pass/fail temperatures of the liquid phase vs. the whole matrix, as shown in Table 4 .
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